Long-distance supercurrent transport in a room-temperature Bose-Einstein
  magnon condensate by Bozhko, Dmytro A. et al.
ar
X
iv
:1
80
8.
07
40
7v
1 
 [c
on
d-
ma
t.q
ua
nt-
ga
s] 
 22
 A
ug
 20
18
Long-distance supercurrent transport in a room-temperature
Bose-Einstein magnon condensate
Dmytro A. Bozhko,1 Alexander J. E. Kreil,1 HalynaYu.Musiienko-Shmarova,1
Alexander A. Serga,1 Anna Pomyalov,2 Victor S. L’vov,2 and Burkard Hillebrands1, ∗
1Fachbereich Physik and Landesforschungszentrum OPTIMAS,
Technische Universita¨t Kaiserslautern, 67663 Kaiserslautern, Germany
2Department of Chemical and Biological Physics, Weizmann Institute of Science, Rehovot 76100, Israel
The term supercurrent relates to a macroscopic dissipation-free collective motion of a
quantum condensate and is commonly associated with such famous low-temperature
phenomena as superconductivity and superfluidity. Another type of motion of quan-
tum condensates is second sound—a wave of the density of a condensate. Recently, we
reported on an enhanced decay of a parametrically induced Bose-Einstein condensate
(BEC) of magnons caused by a supercurrent outflow of the BEC phase from the locally
heated area of a room temperature magnetic film. Here, we present the direct experi-
mental observation of a long-distance spin transport in such a system. The condensed
magnons being pushed out from the potential well within the heated area form a den-
sity wave, which propagates through the BEC many hundreds of micrometers in the
form of a specific second sound pulse—Bogoliubov waves—and is reflected from the
sample edge. The discovery of the long distance supercurrent transport in the magnon
BEC further advances the frontier of the physics of quasiparticles and allows for the
application of related transport phenomena for low-loss data transfer in perspective
magnon spintronics devices.
Supercurrent is a macroscopic quantum phenomenon
when many bosons (real- or quasiparticles) being self-
assembled in one quantum state with minimum energy
and zero velocity—a Bose-Einstein condensate (BEC)[1–
11]—move as a whole due to a phase gradient imposed
on their joint wave function. This phenomenon being
mostly associated with resistant-free electric currents of
Cooper pairs[12] in superconductors and superfluidity of
liquid Helium [13–17] is, however, much more widespread
[18–20]. It is experimentally confirmed in the quantum
condensates of diluted ultracold gases [21, 22], of nuclear
magnons in liquid 3He [23–25], of polaritons in semi-
conductor microcavities [26] and, recently, of electron
magnons in room-temperature ferrimagnetic films [27].
Supercurrents being topologically confined often mani-
fest themselves in a form of quantum vortices[21, 28, 29].
The quantum condensate supports another form of
motion—second sound [15, 30]. Second sound can be
considered as elementary excitations of various types,
which can propagate in continuous media with an almost
linear dispersion law in the long-wavelength limit. The
term second sound stems from an analogy with the
ordinary sound waves or first sound—the wave oscilla-
tions of media density and mechanical momentum. The
most well-known example of second sound is anti-phase
oscillations of the densities ρn and ρs of the normal-fluid
and superfluid components of superfluid 4He, in which
the total density ρ = ρn + ρs does not oscillate [15].
These oscillations can be associated with temperature
waves, because the ratio ρn/ρs strongly depends on
the local temperature, while ρ in 4He is practically
temperature independent.
Some solid dielectrics represent another system type
which supports the propagation of temperature waves at
low temperatures [31–34]. In this case, the second sound
is the wave of density of the phonon occupation numbers,
with phonon being a quantum of the first sound.
By exploring the spatio-temporal dynamics of a
magnon BEC prepared by microwave parametric pump-
ing in a room-temperature single-crystal film of a
magneto-dielectric material [35], we discovered a new
type of second sound, which is the wave excitation
of the magnon BEC density and is different from a
temperature wave. Furthermore, we demonstrate a
strong connection between the supercurrent-type and
the second-sound-type motions of the magnon BEC. In
our experiment, a magnon supercurrent flowing out from
a thermally induced magnetic inhomogeneity [27] creates
perturbations in the BEC density, which travel through
the homogeneous BEC areas hundreds of micrometers
almost without changing its form. Detailed analysis of
the propagation features of these perturbations in the
framework of the Gross-Pitaevskii equation allows us to
describe the observed phenomenon as a solitary wave
of Bogoliubov excitations with oscillations of both the
amplitude and the phase of the magnon BEC’s wave
function. In the long-wavelength limit the Bogoliubov
waves have a linear dispersion law and thus, can be con-
sidered as a second sound wave featuring long-distance
propagation through the magnon condensate.
Experiment
The experiment is carried out in a sample (see Methods)
cut out from a single-crystal ferrimagnetic film of Yt-
trium Iron Garnet (YIG) [36]. This magneto-dielectric
2material possesses the lowest known magnetic damping
in nature and is one of the favourite magnetic media for
fundamental and applied studies in modern magnonics
and spintronics [37]. The detection of magnon dynamics
is performed by frequency- and time-resolved Brillouin
Light Scattering (BLS) spectroscopy with wavevector
sensitivity (see Methods). Recently, using this method
we succeeded in revealing the presence of a magnon
supercurrent by the analysis of an enhanced decay of the
magnon BEC in a heated spot created by a probing laser
beam [27]. The main idea underlying the direct observa-
tion of the motion of the magnon BEC is to separate the
area of supercurrent formation from the area in which
it was observed. This enables the detection of temporal
changes in the spatial distribution of the magnon density
FIG. 1. Experimental setup. a, Schematic illustration
of the experimental set-up. A probing green laser beam of
532 nm wavelength is focused onto a YIG-film sample, which
is fixed on top of a pumping microstrip resonator driven by
powerful microwave pulses. The probing beam is chopped
by an acousto-optic modulator (AOM) to reduce a parasitic
heating of the sample. The light and microwave pulses are
synchronized allowing for optical observation of the after-
pumping evolution of a magnon BEC. The light scattered by
magnons is directed to a tandem Fabry-Pe´rot interferometer
(TFPI) for intensity-, frequency-, and time-domain analysis.
A blue laser of 405 nm wavelength is used for local heating
of the sample and is focused into a 80µm spot in the mid-
dle point of the resonator. The blue laser source and the
YIG sample are mounted on a single movable stage to hold
unchanged a predefined position of the heated area on YIG-
film surface in the process of sample motion. The motion
of the stage relative to the focal green spot allows for the
probing of the magnon gas density in different points of the
sample. b, The inset schematically shows a magnified view
of the scan area. In order to ensure constant pumping condi-
tions and, thus, spatially uniform density distribution of the
magnon BEC in the probing direction, the scan is performed
in x-direction along the microstrip resonator (across the bias
magnetic field H ).
caused by the magnon supercurrent. Two independent
light sources are used, one for the heating and the other
for the BLS probing of the magnon gas as is shown in
Fig. 1a. A powerful blue laser light, which is completely
absorbed by a 5.6-µm-thick YIG film, is used for the
film heating. The green light of low power, which is able
to penetrate the YIG film with moderate attenuation, is
used for the probing. Both the blue laser source and the
YIG sample are mounted together on a movable stage to
ensure that the predefined position of the heated area on
YIG-film surface remains unchanged. The stage motion
relative to the focal green spot allows for the probing of
the magnon gas density in different points of the sample.
In order to achieve Bose-Einstein condensation [9, 38],
magnons are injected into the spin system of the YIG
film via parallel parametric pumping [35], which is
currently considered the most efficient technique for
magnon excitation over a large wave-vector range. The
process can be described by the splitting of a photon
of a pumping electromagnetic wave with a wavevector
of nearly zero and a pumping frequency ωp into two
magnons with opposite wavevectors ±q and a frequency
of ωp/2 (see Fig. 2a). The strength of the bias magnetic
field H0 = 1690Oe is chosen to allow for the injection
of the magnon pairs slightly above the ferromagnetic
resonance frequency ω
FMR
, where the parallel pump-
ing process is most efficient [39, 40]. The injected
quasi-particles thermalize by way of the four-magnon
scattering processes conserving both their number and
the total energy [41–45]. Finally, when the total number
of magnons reaches a threshold value, a magnon BEC
forms [9, 38]. Due to the spatially confined microwave
excitation, the BEC is formed in an oblong YIG region
located just above the pumping resonator. This quasi-
one-dimensional region extends for 50µm along and for
1mm across the direction of the bias magnetic field H
(see Fig. 1b). Due to the large anisotropy of the magnon
spectrum (see Fig. 2b), the effective mass of the magnons,
which is inversely proportional to the magnon dispersion
coefficient D(qx, qy) = d
2ω(q)/(2dq2), strongly depends
on the orientation of the magnon wavevector q . The
mass of the magnons with wavevectors placed perpendic-
ular to the bias magnetic field is approximately 21 times
smaller than for magnons having wavevectors along
the field [27]. The magnon supercurrent is therefore
expected to be approximately 21 times stronger across
the biased magnetic field and thus, along a large extent
of the condensate. Taking into consideration these facts,
we currently restrict ourselves only to one dimensional
scanning, along the pumping resonator (Fig. 1b).
The results of the spatially-resolved measurements of
the magnon density evolution at the bottom of the spin-
wave spectrum are shown in Fig. 3 for different heating
conditions. To understand the dynamics of the magnon
BEC, we first establish how it behaves in a spatially
uniform room-temperature profile. The reference mea-
3FIG. 2. Magnon spectrum. a, Magnon spectrum of a 5.6-
µm-thick YIG film magnetized in plane by a bias magnetic
field H = 1690Oe is presented for the wavevectors q per-
pendicular (±q ⊥ H ) and parallel (±q ‖ H ) to the applied
field. For both wavevector orientations the first 35 thickness
modes are shown. The red arrows illustrate the process of
injection of magnon pairs at ωp/2 frequency by means of
parallel parametric pumping. Thermalization of the para-
metrically overpopulated magnon gas leads to the formation
of Bose-Einstein condensates in two symmetric minima of
the frequency spectrum ω(q) at q = ±qmin (with qmin ‖ H ).
Inset b shows the 3-dimensional view of a bottom part of the
spectrum (the lowest fundamental mode n = 0 within the
shaded magenta area in panel a) calculated in the range up to
200MHz above the ωmin. The red curve shows the spectrum
of magnons with ±q ⊥ H and the blue curve relates to
the magnons with +q ‖ H . Due to much higher (about 21
times) steepness of the red curve near (ωmin, qmin), and, thus,
proportionally smaller effective masses of the corresponding
magnons, the magnon supercurrents predominantly propa-
gate in a film plane across H and along the ±q
x
directions.
surement, performed without heating, shows that the
spatial distribution of the magnon condensate along the
microstrip resonator is uniform (see BEC time profiles
shown by the blue curves in Figs. 3a-e and a time-space
diagram in Fig. 3f). Similar to the results we presented
in Ref. [38], the BLS signal, which is proportional to
the magnon density, rises sharply after the microwave
pumping pulse is switched off due to the intensification
of the BEC formation process caused by so-called “su-
percooling” of the magnon gas [38]. Due to the intrinsic
magnon relaxation to the phonon bath, the density of the
freely-evolving magnon BEC exponentially decreases and
we observe a spatially uniform decay of the BLS signal.
We now focus on the temperature-gradient dependent
behavior of the magnon condensate. The outcome of the
experiment is strongly changed when an additional local
heating by the blue laser light with power of 44mW,
81mW, or 116mW is applied. The red curves in Figs. 3a-
e and time-space diagrams in Fig. 3g exemplify the BEC
dynamics measured for the laser power of 116mW. Note,
that the heating is applied continuously, thus the con-
densate forms in a predefined non-uniform temperature
profile. In contrast to the uniform-temperature reference
measurement, the magnon density distribution becomes
spatially-inhomogeneous already during the formation of
the condensate. A pronounced dip in the magnon popula-
tion is formed in the heated region of the sample (Fig. 3g).
This reduction in the condensate population is closely
related to the previously reported enhancement of the
relaxation rate of magnon BEC in the hot spot [27, 45]
(cf. the relaxation rates of the blue and red curves in
Fig. 3a) and is associated with the formation of a magnon
supercurrent, flowing out of the high temperature region.
Furthermore, after some time we start to observe
the formation of two magnon density peaks, traveling
outwards from the hot spot. It is necessary to emphasize,
that their propagation occurs in the sample area with
a uniform temperature distribution. As is shown in
Fig. 3g, the heating by the blue laser is rather local and
does not extend beyond ±200µm from the center of
the focal spot. At the same time, the peak visible in
Fig. 3g, propagates to more than 400µm. The maximum
propagation distance, observed in our experiment, is
600µm, being restricted by the right edge of the YIG
sample. Moreover, one of the density peaks is efficiently
reflected from the nearby YIG-film edge on the left side
of the sample (see Fig. 2b) and propagates hundreds of
microns back towards the hot spot (see the second peaks
on green curves in Fig. 3b-d). Such a dynamic is common
for all used heating powers. Stronger laser power leads
to a faster and deeper appearance of the density dips.
This results into the formation of more intense BEC
humps but does not visibly change the propagation
speed of these humps, which is approximately 350m s−1.
The observed distant propagation of magnon density
peaks through the uniform BEC cannot be understood
using the model assuming the accumulation of a BEC
phase in a thermally created magnetic potential used in
Ref. [27] and a subsequent supercurrent.
Second sound and time-evolution of inhomo-
geneous magnon BEC
To discuss the observed time-evolution of the total
number of magnons near the lower end of the frequency
4FIG. 3. Time and time-space population diagrams of the magnon Bose-Einstein condensate (BEC). a-e, Time
evolutions of the temperature-uniform (blue curves) and locally heated (red and green curves, laser power is of 116mW) magnon
BECs are shown in different spatial positions along the microstrip resonator. The vertical pink stripes mark the end part of
the pumping pulse, which is switched off at zero moment of time. Formation of peaks of magnon density (marked by smeared
blue ovals) and their propagation outwards the hot sample area are clearly visible on the background of a freely decaying BEC.
The BLS pulses related to the density peak reflected from the left edge of the sample back to the hot area are visible on the
green curves in panels b-e (marked by smeared green ovals). In panel d, the input and reflected peaks on the green curve
start to overlap in time. In panel e, these peaks on the green curve (measured just near the left sample edge) are perfectly
overlapped. f -g, Space-time evolutions of the magnon BEC after termination of the pumping pulse. After the parametric
pumping is switched off at zero moment of time, a BEC density peak is formed. f, Without external heating: the BEC density
exponentially decays in time uniformly over space (cf. the blue curves shown in panels a-e in logarithmic scale). g, With
external continuous heating by a blue laser: the heating does not change the spatial distribution of the magnon density in the
course of pumping action (see the dotted curve at the zero moment of time). However, the forming magnon BEC is pushing out
from the hot focal spot (the simulated temperature profile is shown in the plane below) and a magnon density dip surrounded
by two magnon density humps appears in the heated area. These humps propagate in opposite directions along the microstrip
and perpendicularly to the bias magnetic field H through the “cold” magnon BEC over distances of hundred micrometers.
spectrum Ntot = Nb + Nc, which comprises the gaseous
bottom magnons Nb and condensed magnons Nc, we
need to clarify the initial conditions for Nb and Nc at
the moment of time t = +0, immediately after the ter-
mination of pumping power. The previous wavevector-
and time-resolved BLS studies in Refs. [38] revealed that
strong electromagnetic pumping overheats the magnon
gas and can thus prevent the condensation process,
which develops rapidly after the pumping is switched
off [38, 41–43]. In addition, the experimentally observed
magnon density is not affected by the local heating
during pumping (see the dashed line at t = +0 in Fig. 3).
It indicates that in the entire pumping area no BEC
exists under given experimental conditions before the
pumping is switched off. Thus, we can assume that for
t 6 0 Ntot ≈ Nb and Nc ≪ Nb (or equal to zero).
Our understanding of what happen for t ≥ 0 in the
presence of the hot spot, where the locally reduced sat-
uration magnetization creates a frequency well, is at an
infancy state. An essential progress in this direction re-
quires purposeful experimental study, which will than
serve as a basis for a microscopic analytical theory. For
the time being the experiments can be reasonably well in-
terpreted under a conjecture that fast thermalization of
Nb for t > 0 creates a high-intensity condensate mainly
(or only) in the hot spot. To find possible reasons for
such localization we can speculate that the almost-space-
homogeneous chemical potential touches the bottom of
the frequency spectrum initially at the hot spot. If so,
the magnon BECs with ±qmin (see Fig. 2a) will try to
5escape from this area due to their nonlinear repulsion
[46]. As is evident in our analysis of the propagation
data (see below), the repulsive frequency shift ΩNL is
about one order of magnitude larger that the depth of the
frequency well δω(T ), induced by the heating (see Meth-
ods). Therefore, the magnon BEC can successfully es-
cape the well, creating propagating second sound pulses.
These pulses can be formally expanded into Fourier series
of monochromatic waves, which propagate almost with
the same velocity due to the linearity of the dispersion
law (3a) in the small wavevector limit. This explains
why the observed density humps propagate practically
without changing their form. Moreover, the travelling
monochromatic waves should reflect simultaneously from
the sample edge, creating a hump of the same form, prop-
agating in the opposite direction. This is exactly what we
observe as a reflected pulse on the green curves in Fig. 3e.
We should notice that the massive transition of the
gaseous bottom magnons to the effluent magnon conden-
sate should significantly reduce their concentration Nb
in the center of the hot spot and some diffusion of these
quasiparticles towards the hot spot to replace the escap-
ing BEC magnons is expected. One can guess that the
effective diffusion coefficient is given by the dispersion co-
efficient Dx. If this is so, the characteristic speed of the
diffusive broadening of the magnon density hole of width
∆ will be approximately Dx∆ ≈ 17m s
−1 for the maxi-
mum laser power P = 116mW (see Tab. I). This is much
smaller than the experimentally determined speed (≈
350m s−1) of the propagating BEC humps. Therefore,
the diffusion of the normal component can be neglected
and the dip in the total magnon density Ntot should ap-
pear as is indeed observed in our experiment (see Fig. 3g).
The problem of propagation of the magnon density
humps outside of the hot spot can be solved by analysis
of the dynamic behaviour of the magnon BEC confined
in a long but narrow area along the microstrip res-
onator (Fig. 1b) using a one-dimensional version of the
Gross-Pitaevskii equation (GPE):
i
∂C
∂t
= −Dx
∂2C
∂x2
+W |C|2C . (1)
Here C(x, t) is the BEC wave function, Dx =
∂ 2ω(q)/(2∂q2x) is the dispersion coefficient at the
minimum frequency, and W is the effective amplitude of
the four-wave interaction, responsible for the nonlinear
frequency shift. The first term in the right-hand side of
Eq. (1) is the density of kinetic energy, the second one
is the density of potential energy in mean field approx-
imation. In our case W is positive, corresponding to the
repulsive interaction in the system of two interacting
BECs [46].
The stationary solution of GPE (1) has the form
C0(x, t) =
√
Nc exp(−iΩNLt) , ΩNL =WNc , (2)
where |C0|
2 = Nc is the density of magnons in the BEC
PL ∆ k cs(t0) cs(tmax)
mW µm rad cm−1 m s−1 m s−1
116 44 714 325 306
81 72 436 361 220
44 88 357 394 133
TABLE I. The parameters of the propagating pulses at differ-
ent heating laser powers PL: ∆ is the full width of the pulse at
half of their height, k = pi/∆ is the characteristic wavenum-
ber of the second sound that mainly contribute to the pulse
profile, cs(t0) and cs(tmax) is the initial and final speeds of the
propagating pulses.
state. The dispersion law for the small perturbation
c(x, t) ∝ exp i[kx − Ω(k)t] of the stationary solution (2)
found by Bogoliubov has the form [47]:
Ω(k) = k
√
2DxΩNL(1 +Dxk2/2ΩNL) , (3)
where Ω and k are the angular frequency and the
wave number of the perturbation, respectively. In the
long-wavelength limit Dxk
2 ≪ 2ΩNL this perturbation
has the linear dispersion law
Ω(k) = csk , cs =
√
2DxΩNL , (4)
and may be understood as a second sound propagating
through the BEC with the velocity cs. It is important
to note that according to Landau’s criterion Ωk > csk
[47], a BEC with repulsive interaction, as realised in our
case, is an inviscid superfluid.
At the same time, for large k the BEC contribution
may be neglected and the standard quadratic disper-
sion law applies near the minimum of the spectra:
Ω(k) = Dxk
2.
In order to check to which of these two limiting cases
our experimental situation is closer, we measured the
width ∆ of the magnon density peaks at half of their
height for different heating powers. These measurements
enabled us to estimate the characteristic value of the
second sound wavenumbers k ≃ pi/∆ (the first spatial
Fourier harmonic), which give the main contributions to
the propagating pulse, see Tab. I. Additionally, for each
laser power used for heating, we measured the position
x(t) of the pulse maximum as a function of the propaga-
tion time τ = t− t0, where t0 is some initial moment of
time, for which the density peak is already well shaped
and such analysis is therefore possible. In order to reveal
a possible dependence of the sound velocity on the prop-
agation time we fitted the experimental data by a second
order polynomial function x(t) = csτ − δcsτ
2/2τmax.
Here τmax is the maximum propagation time, limited
by the length of our sample. Using these fits we can
estimate the initial velocity of the propagating peak
cs (at t = t0, τ = 0) and its final velocity cs − δcs at
τ = τmax. The results are given in Tab. I.
Our main finding in Tab. I is that the initial velocity
cs(t0) of the peak only weakly depends on its wavenumber
6k: it varies by about 20% as k changes twice. A natural
explanation of this fact is based on the assumption that
the propagating peak consists of the second sound waves
over the background of the magnon BEC with a linear
dispersion law (4). If so, the velocity cs(t0) should indeed
be k-independent. To check whether the long-wavelength
limit assumption is really valid in our case, we estimate
the value of the nonlinear frequency shift ΩNL =WN0 (2)
and the product Dxk
2/2 by taking cs = 325m s
−1 and
k ≈ 714 rad cm−1 from Tab. I for PL = 116mW and cal-
culating Dx ≈ 7.4 cm
2s−1rad−1. The resulting estimates
are ΩNL ≈ 2pi ·11.3MHz and Dxk
2/2 ≈ 2pi ·0.3MHz. It is
evident, that the long-wavelength limit is well satisfied,
supporting the suggested second sound scenario.
The second argument in favour of the suggested second
sound scenario for the propagating pulses is the time de-
pendence of their velocity. During pulse propagation, the
amplitude of the background condensate decays and this
consequently leads to a decrease in the sound velocity,
as indeed observed in the experiment (see Tab. I).
Using the estimated value of ΩNL, we can also
estimate the coherence length, which determines the
distance at which the linear dispersion law (4) is
changed to the quadratic one. The resulting estimate
ξ =
√
Dx/ΩNL ≃ 1.2µm is much smaller than the total
propagation length L ≃ 600µm and the peak width
∆ ∼ 44µm. On the other hand, the coherent length
determines the sizes of possible topological singularities
in the magnon BEC. For example, the diameter of vortex
cores in the magnon condensate measured under similar
experimental conditions in Ref. [29] is about 1µm which
is comparable with our estimate.
Discussion
The results presented in this article, addressing the
spatially-resolved probing of the dynamics of a magnon
BEC, provide direct evidence of supercurrent-related
motion of the condensate outwards from the heated
spot. The observed occurrence of the magnon BEC
propagation outside of the temperature gradient is
associated with the excitation of a new type of the
second sound: magnon second sound in the magnon
BEC condensate. The newly discovered second sound
differs from the second sound in dielectrics [31–34],
in which the phonons can be described in terms of
their occupation numbers only, not taking into account
their phases. It also differs from the second sound in
superfluid He and BEC in diluted atomic systems, where
the wave function describes the distribution of real
atoms and not of quasiparticles, as in our case.
The suggested propagation scenario requires further
detailed experimental and theoretical investigations.
For example, one needs to account for the interactions
of the gaseous magnons with the BEC magnons, by
formulating a model, analogous to the two-fluid model
of superfluid He [15]. Having said that, we should
emphasis that from a practical point of view, the
three observed phenomena: (i) the transition from the
supercurrent-type to the second-sound-type propagation
regimes, (ii) the excitation of the second-sound-pulses,
and (iii) the possibility of a long-distance spin-transport
in the magnon BEC, has already paved a way for the
application of the magnon macroscopic quantum states
for low-loss data transfer and information processing in
perspective magnon spintronic devices [48–50].
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METHODS
Sample. The Yttrium Iron Garnet (YIG, Y3Fe5O12) [36]
sample is 5mm long and 1mm wide. The single-crystal YIG
film [51] of 5.6µm thickness has been grown in the (111) crys-
tallographic plane on a Gadolinium Gallium Garnet (GGG,
Gd3Ga5O12) substrate by liquid-phase epitaxy at a Depart-
ment of Crystal Physics and Technology of the Scientific Re-
search Company “Carat” (Lviv, Ukraine).
Experimental setup. A sketch of the experimental setup is
shown in Fig. 1a. It consists of microwave and optical parts.
The microwave part includes a microwave generator, which
is used as a source for pumping pulses (pulse duration 2µs,
repetition time 1ms, carrier frequency 13.6GHz) followed by
a power amplifier, which drives a microstrip resonator circuit
with a peak power of 12.6W. The 50µm wide half-wavelength
microstrip resonator fabricated on top of an alumina substrate
is used to further increase the amplitude of the pumping mi-
crowave magnetic field and its spatial localization. The YIG
sample is positioned on top of the middle part of the res-
onator, in the area of maximal microwave magnetic field.
The optical part (Fig. 1a) is used both for the probing of
the magnon Bose-Einstein condensate (BEC) by means of
Brillouin light scattering spectroscopy and for the controlled
local heating of the YIG sample. Its main parts are the
probing green laser (single-mode, 532 nm wavelength), an
acousto-optic modulator (AOM), heating blue laser (multi-
mode, 405 nm wavelength), and a tandem Fabry-Pe´rot inter-
ferometer (TFPI).
As we have shown in our previous work [27], an excessive
heating of the sample by the probing laser can lead to the
formation of a magnon supercurrent. In order to minimize
the influence of the probing beam on the magnon dynamics
we utilize an acousto-optic modulator, which is used for
chopping the probing beam into pulses to reduce a parasitic
heating of the sample. The pulsed probing beam (pulse
duration 6µs, peak power 9mW) is then focused onto the
sample surface into a focal spot of 20µm in diameter. The
scattered light is directed to a multipass tandem Fabry-Pe´rot
interferometer [53–55] for frequency selection with resolution
of 100MHz. At the output of the interferometer a single
photon counting avalanche diode detector is placed. The
output of the detector is connected to a counter module
synchronized with a sequence of microwave pulses. Every
time the detector registers a photon, this event is recorded
to a database which collects the number of arrived photons
ensuring such a time resolution of 250 ps. The frequency
of the interferometer transmission is also recorded, thus
providing frequency information for each detected photon.
Frequency- and wavevector-resolved Brillouin light
scattering spectroscopy. Brillouin light scattering can be
understood as the diffraction of the probing light from a mov-
ing Bragg grating created by a magnon mode. Some portion
of the scattered light, which is proportional to the number
of magnons in this mode, is shifted in frequency by the fre-
quency of the mode. In addition, the diffraction from the
grating leads to a transfer of momentum during this process:
the in-plane component of the wavevector qL of the incident
light is inverted by a magnon mode if the magnon wavenum-
ber q satisfies the Bragg condition q = −2qL sin(Θ), where
Θ is the angle of incidence. Simultaneously, the out-plane
wavevector of the probing light is inverted due to its reflec-
tion from the metal microstrip underlying a semi-transparent
YIG sample. By setting of the angle Θ equal to 9.7◦, selection
of in-plane magnons with wavenumbers qy ≈ 4 · 10
4 rad/cm
8around one of the minima of magnon spectra (Fig. 2) is im-
plemented in our setup.[56] The wavevector resolution was
±2 · 103 rad/cm allowing for a rather selective observation of
magnon dynamics around the magnon energy minimum at
qy = qmin. It allows to avoid in our transport measurements
a possible spurious contribution of travelling magnon-phonon
hybrid quasiparticles [44].
Optical heating of the sample. In order to locally heat the
sample in a spatial point separated from the probing spot an
additional continuous 405 nm wavelength laser is used. The
reasoning behind the choice of this laser wavelength is twofold.
Firstly, it allows an efficient heating of the thin YIG film,
since the absorption of the light in the YIG layer is inversely
proportional to the wavelength of the light. Secondly, the
chosen wavelength is well separated from the probing laser
wavelength, and therefore rather easily filtered out to exclude
any possible influence on the detection system. The heating
beam focused into a focal spot of 80µm in diameter provides
a local increase of the sample temperature by 40K at maxi-
mal laser power of 116mW. Spatial-resolved probing of the
magnon dynamics is performed by a controlled displacement
of the sample using a precise linear positioning stage. The
whole stage is placed directly between the poles of the elec-
tromagnet, ensuring high field uniformity and stability. Since
the heating laser is located on the same stage, the position
of the heating spot is fixed relative to the sample and to the
excitation circuit (and, thus, relative to the created magnon
BEC). Thus, the described setup allows for space-resolved
measurements of the magnon dynamics across the heated and
cold areas of the sample as it is shown in Fig. 1. The spatial
resolution (scanning step) is set to 10µm, which corresponds
to half the probing focal spot size.
Temperature and BEC frequency shift in the hot
spot. The temperature profiles of the heated sample were
determined by solving a 3D heat-transfer model of the exper-
imental setup using the COMSOL Multiphysics software [57]
as it was done in Ref. [27]. Hereby, the conventional heat con-
duction differential equation is solved under consideration of
the boundary conditions applied to the model, the material
parameters of the used materials and the applied heat source.
Heat is deposited exponentially along the film thickness and
has a Gaussian distribution in the film plane reflecting the
shape of the laser focal spot. The calculated temperature dif-
ference ∆T between the centre of the laser focal spot and the
cold film for the maximal laser power PL of 116mW is about
40K. The corresponding frequency difference δω(T ) caused
by the temperature induced decrease in the saturation mag-
netization of an YIG film [27, 36, 58] is about 2pi · 4.6MHz.
This value is much smaller than the nonlinear frequency shift
ΩNL in our experiment.
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